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ABSTRACT
The hippocampus is an important brain structure involved in memory and navigation of
both rats and humans. Neurons in the hippocampus can be “spatially” tuned, meaning they fire in
specific physical locations. These spatially tuned cells are referred to as place cells. Collectively,
they are thought to provide a map-like representation of the environment around us. If the
environment is changed, some place cells can adjust by “remapping”, or altering their firing
patterns. There are multiple sub-regions within the hippocampus. During experiments, cells were
recorded simultaneously from the dorsal and ventral hippocampus of rats running on a track for
food reward. Two spatial and two olfactory manipulations were made to the environment for two
days each. Through analysis, it was found that complex spike cells had higher information content
than putative interneurons. In addition, a significant increase in firing rate of dorsal cells from
Session A to Session B and no significant difference across the three sessions for ventral cells was
found on the first day of spatial manipulations. However, on the second day of spatial
manipulations, dorsal cells had similar firing rates across all three sessions while ventral cells had
a significant increase in firing rate when comparing Session A to Session C. On the first day of
olfactory manipulations, there was a significant increase in firing rate of dorsal cells from Session
A to Session B and Session A to Session C while ventral cells had similar firing rates across all
three sessions. On Day 2 of olfactory manipulations, dorsal cells had a similar firing rate across all
three sessions while there was a trend towards the firing rates of ventral cells across the three
sessions being significantly different from each other. Taken together, these data could provide
insight into information content of different hippocampal cells as well as regional differences of
hippocampal representations of novel environments and the persistence of their activity across
sessions and days.
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INTRODUCTION
Neurodegenerative diseases such as Alzheimer’s disease have been tied to degeneration of
cells in the hippocampus (West et al., 1994). Understanding the role of hippocampal cells in
memory processes can help provide insight into these debilitating diseases. While our project is
not exploring models for such diseases, it can provide information about the underlying neural
mechanisms involved in normal hippocampal function. This could be useful in comparisons with
hippocampal function of unhealthy individuals in the future.
The hippocampus is a brain structure involved in episodic memory and spatial navigation
(Strange et al., 2014). The hippocampus has cells referred to as “place cells” which are thought to
serve a function in representing events and related spatial information. Place cells are capable of
“spatial tuning”, meaning their firing rate can correspond to specific locations in space (O’Keefe
& Dostrovsky, 1971). The location that a place cell is associated with is called a “place field” and
can be observed by a rapid firing of the cell when the area is approached by an animal (O’Keefe
& Nadel, 1978). Together these cells form a representation, or map, of the surrounding
environment. Place cells can change their location of their spatial tuning, or “remap” in response
to changes made to the surrounding environment (Sava & Markus, 2008). One aim of our project
is to explore the extent to which remapping is induced by various modifications to a maze
environment. These modifications can be spatial, social, olfactory, or emotional in nature.
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Figure 1: Schematic of the rodent brain highlighting dorsal and ventral hippocampus (Strange et
al., 2014).
The hippocampus is divided into the dorsal and ventral regions (Figure 1). Differences
between them in terms of anatomy and connectivity suggest that they differ functionally. The
dorsal hippocampus is important for spatial memory while the ventral hippocampus is involved in
memory of fear and other emotional responses (Strange et al., 2014). However, cells with place
fields have also been found in ventral hippocampus during spatial memory and navigation tasks
(Jung et al., 1994). These place fields from the ventral hippocampus are often larger than place
fields of the dorsal hippocampus (Strange et al., 2014).

Based on the aforementioned research findings, we can develop the following list of hypotheses:
1. It was expected that complex spike cells would have higher info content compared to
putative interneurons because higher info content means that the cells has higher specificity
(Skaggs et al., 1997). Since complex spike cells are able to develop place cells and putative
interneurons cannot, it can be said that complex spike cells are capable of more specificity,
and therefore higher information content, than interneurons.
2. It was expected that there would be increased firing of dorsal cells in response to a novel
spatial trajectory (first day of the left and right turns) because the dorsal hippocampus is
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important for spatial memory processes (Strange et al., 2014). Since the left and right turns
were spatial manipulations, it would make sense for the dorsal cells to modify their pattern
of firing in response to the spatial changes.
3. It was expected that there would be increased firing of ventral cells in response to a novel
social or emotional experience (first day of the coyote urine and female bedding
experiments) because the ventral hippocampus is involved in memory of fear and other
emotional responses (Strange et al., 2014). The female bedding manipulation was an
example of a positive emotional stimulus while the coyote urine manipulation was an
example of a fear-inducing stimulus. Therefore, it would make sense for ventral cells to
respond to these changes.
4. It was expected that there would be no significant difference in firing rate across sessions
on the second day of each manipulation because the change was no longer novel after the
first day.

SUBJECTS
Fifteen male F-344 rats, approximately ten months old, were food restricted to 85% of their
ad libitum weights. They were single housed, with a 12-hour light/dark cycle, and had ad libitum
access to water. Protocols were approved by the University of Connecticut IACUC.

METHODS
Initially, the rats were trained to run back and forth on a linear maze for 10 minutes. When
60 runs were consistently achieved in 10 minutes, rats were moved to a maze which automatically
dispensed sugar pellets. After mastering this, the rats were trained to do three 5-minute trials of 20
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runs, with at least five minutes of break time in between trials. Once this was mastered, the rats
were ready for surgery.
During surgery, a Hyperdrive consisting of 16 tetrodes was implanted to allow extracellular
recording of electrophysiological activity post-surgery. After recovery from surgery, tetrodes were
lowered manually by turning screws attached to each tetrode until hippocampal units were isolated.
The rats were retrained to complete the three trials of 20 runs in 5 minutes. After this, experimental
recording sessions began during which six novel manipulations were made to the maze
environment. There was never more than one manipulation per recording day and each rat
experienced two days of every experimental manipulation. These manipulations included a left
turn, a right turn, a novel rat beside the maze, a novel rat running on the maze, female bedding
beside the maze, and coyote urine beside the maze. Each recording session was conducted in a
familiar-novel-familiar format. For example, during the left turn experiment, after sitting for five
minutes on the side of the maze, the rat was put on the familiar straight maze to complete 20 runs.
After another five-minute break on the side of the maze, the rat was put on the novel trajectory
with a left turn for another 20 runs. After another 5-minute break, the rat was put back on the
familiar straight maze for a final 20 runs followed by one more 5-minute break to finish the
recording session (Figure 2). This same format was applied to the second left turn day and all days
of emotional/social manipulation (Figure 3).
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Figure 2: Novel Trajectory Schematic. After place fields were well-defined, the novel day
experimental paradigm consisted of three maze-run sessions and four home cage rests. Sessions A
and C were familiar runs, whereas Session B was a novel left turn trajectory. There was a novel
right turn trajectory as well that follows the same procedure.

Figure 3: Novel Odor Schematic. After place fields were well-defined, the novel day
experimental paradigm consisted of three maze-run sessions and four home cage rests. Sessions A
and C were familiar runs, whereas Session B had novel coyote urine beside the maze. The novel
smell during Session B can also be Female Rat Bedding.
After the cell firings were recorded, the data went through spike sorting analysis to
“cluster” spikes into different units. This was accomplished using MountainSort 4 to determine
which of the clusters of cell firings were hippocampal cells (Chung et al., 2017). There were four
criteria that each cluster had to pass: firing rate, isolation, noise overlap, and peak signal noise
7

ratio (Peak SNR, Figure 4). Firing rate had to be greater than 0.001 Hz, while Isolation, or how
well separated a cluster is from others, had to be greater than 0.95 to avoid inaccurate data from
overlapping clusters. Noise overlap estimates how much additional noise is within the cluster.
High noise overlap suggests presence of unwanted noise artifacts. Thus, the noise overlap had to
be less than 0.03. Peak SNR was calculated as the peak absolute amplitude of the average
waveform divided by the peak standard deviation. It provided insight on the variability of the unit’s
spike peak amplitude and had to be greater than 1.5 (Chung et al., 2017).

Figure 4: Examples of MountainSort 4 spike sorting analysis. The top of the figure displays
the waveforms of each cluster found on the individual tetrode being analyzed. Clusters with
abnormal waveforms were not used in further analysis. The bottom of the figure displays various
cluster metrics for each cluster found on the individual tetrode.
Based on cluster metrics, we divided the cells into three categories, complex spike
(pyramidal) cells, putative interneurons, and unclassified units (Figure 5). Complex spike cells
were cells with a spike width above 350 microseconds. Putative interneurons had a spike width
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below 350 microseconds and a firing rate above 7.5 hertz. Unclassified units had a spike width
below 350 microseconds and a firing rate below 7.5 hertz (Markus et al., 1994).

Figure 5: Distribution of cell firing rates and spike width. The blue points are putative
interneurons, the green points are putative pyramidal (complex spike) neurons, and the black points
are unclassified units.
Next, place field analysis was carried out to see if the complex spike cells produced place
fields while the rat was on the maze. This was visually illustrated with firing rate maps which
displayed spikes over time spent at each location (Figures 6 and 7). A speed threshold of 4 cm/sec
was applied before creating rate maps. Place field remapping was determined by comparing place
fields from the familiar mazes (Sessions A and C) and the novel maze (Session B) of the same
recording day. A place field was said to have remapped if there was a significantly lower
correlation between the firing rate maps of Session A and Session B compared to the correlation
of the Session A and Session C. This remapping indicated that a new representation had formed
due to the novel experience.
9

Session A

Session B

Session C

Figure 6: Example of rate maps from a single cell during a novel turn trajectory experiment.
The rate maps for Session A and C are both the familiar straight trajectory while Session B is a
novel right turn. The variance in color across the maps indicate where the cell fired more or less.
Red indicates a high level of firing while dark blue indicates a very low level of cell firing. The
red areas at the top of the Session A and C mazes as well as on the right end of the Session B maze
are considered “place fields” in this example. This example shows a stable place field rotating with
a right turn.

Session A

Session B

Session C

Figure 7: Example of rate maps from a single cell during a novel odor experiment. The rate
maps for Session A and C are both the familiar straight trajectory while Session B is a novel right
turn. The variance in color across the maps indicate where the cell fired more or less. Red indicates
a high level of firing while dark blue indicates a very low level of cell firing. The red areas at the
top of the Session B and C mazes are considered “place fields” in this example. This example
shows a place cell capable of remapping in response to a novel odor with a persistence of the
remapping during Session C.
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Once place field analysis was complete, info content analysis was carried out to determine
the amount of information that was conveyed by each cell. Info content measures the specificity
of the cell, so a higher information content means a cell is more specific in terms of its firing on
the maze (Skaggs et al., 1997). Information content was calculated using the following equation:
"

"

Σ𝑃! # "!$ log # ( "! ) where i was the bin number, Pi was the probability for occupancy of bin i, Ri was
the mean firing rate for bin i, and R was the overall mean firing rate (Markus et al., 1994). The
highest info context value from all three sessions was used as the final value. Ultimately, we used
info content as a cutoff for place field correlations.
After completing info content analysis, correlation analysis for all of the rate maps for each
day of the Left and Right Turns was done to see how similar each session was in comparison to
the other sessions. Dorsal and ventral cells were analyzed separately in this way. There were not
enough cells found to do this correlation analysis for the olfactory manipulations.
Next, the proportion of average firing rate of dorsal and ventral cells for each session during
each separate day was calculated by dividing the single session rate by the average firing rate of
all three sessions. This was carried out for the novel turn trajectories as well as the novel olfactory
manipulations.
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RESULTS

Figure 8: Information Content

Figure 8: Distribution of cell firing rates and spike width with information content. This plot
contains 109 clusters from both novel turn days and both novel odor days. Complex spike cells are
the points with spike widths above 350 microseconds. Putative interneurons are the points with
spike widths below 350 microseconds and firing rates above 7.5 hertz. Unclassified units are the
points with spike widths below 350 microseconds and firing rates below 7.5 hertz. Info content is
displayed as the color of each point, with higher info content being more yellow and lower info
content being more blue.
By looking at the general grouping of colors in Figure 8, it looks like the complex spike
cells in the right half have info content values of 2 or higher. The putative interneurons in the top
left all look to have info content values of 1 or lower. This suggests that the complex spike cells
have more specific firing patterns while on the maze compared to the interneurons. This makes
sense because complex spike cells have the ability to remap while interneurons have no remapping
capability and usually just fire everywhere on the maze. The unclassified spikes in the bottom left
12

of the figure seem to have moderate info content values from 1 to 3 which could suggest some
change in firing also in those cells.
Figure 9: Average Firing Rates for Spatial Manipulations

p = 0.099#

*

*

*

Figure 9: Proportion of average firing rate for each left and right turn day. The top left
histogram displays the proportion of average firing rate for all dorsal cells from Left Turn Day 1
and Right Turn Day 1. The top right histogram displays the proportion of average firing rate for
all dorsal cells from Left Turn Day 2 and Right Turn Day 2. The bottom left histogram displays
the proportion of average firing rate for all ventral cells from Left Turn Day 1 and Right Turn Day
1. The bottom right histogram displays the proportion of average firing rate for all ventral cells
from Left Turn Day 2 and Right Turn Day 2. Significant differences between sessions are denoted
by *,**, or ***, which indicate p values less than 0.05, 0.01, and 0.001 respectively.
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By looking at the difference in heights of the bars in Figure 9, it can be seen that dorsal and
ventral cells generally increased firing rate during the novel session (B) on during the first day.
For the dorsal cells, there was a significant increase in firing rate from Session A to Session B (p
< 0.05) suggesting that the novel trajectory led to remapping. While there was a significant
decrease between Session B and Session C (p < 0.05), there was a trend for an increase in firing
rate during Session C compared to Session A (p = 0.099). This could mean that the increase in
firing rate persisted into Session C, but at a reduced rate in comparison to Session B. This effect
was gone the following day. On Day 2, the dorsal cells have a similar firing rate across all three
sessions while the ventral cells show a general increase in firing rate from Session A to B as well
as from Session B to C. There was a significant increase in firing rate when comparing Session A
to Session C (p < 0.05). This could indicate that ventral place cells have a more delayed remapping
response to spatial manipulations instead of quickly remapping on the first day of the change. In
addition, the significantly higher firing rate during Session C indicates that the remapping persists
after the change is removed.
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Figure 10: Average Firing Rates for Olfactory Manipulations

**
*

Repeated-measures ANOVA p=0.06

Figure 10: Proportion of average firing rate for each novel odor day. The top left histogram
displays the proportion of average firing rate for all dorsal cells from Coyote Urine Day 1 and
Female Bedding Day 1. The top right histogram displays the proportion of average firing rate for
all dorsal cells from Coyote Urine Day 2 and Female Bedding Day 2. The bottom left histogram
displays the proportion of average firing rate for all ventral cells from Coyote Urine Day 1 and
Female Bedding Day 1. The bottom right histogram displays the proportion of average firing rate
for all ventral cells from Coyote Urine Day 2 and Female Bedding Day 2. Significant differences
between sessions are denoted by *,**, or ***, which indicate p values less than 0.05, 0.01, and
0.001 respectively.
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From the general heights of the histogram bars in Figure 10, it can be seen that dorsal cells
increased firing rate during the Session B on the first day and this increase persisted into Session
C. This is further supported by the significant increase in firing rate from Session A to Session B
(p < 0.05) and from Session A to Session C (p <0.01). From these significant increases, it can be
determined that the dorsal cells remapped in response to the novel odor on the first day and that
the remapping persisted even when the novel odors were removed. The effect was gone the
following day as seen by the similar firing rates across all three sessions. On the first day of the
olfactory manipulations, the ventral cells had similar firing rates across all three sessions. On Day
2, there was a trend for a difference in firing rate across sessions in the data (p = 0.06) suggesting
that the three sessions are close to being significantly different from each other. By looking at the
heights of each session’s bar, it seems like there was a slight decrease in firing rate during Session
B and a larger decrease during Session C. This could suggest a delayed remapping of ventral cells
during which firing rate decreases in response to the odor on the second day of the olfactory
manipulations and persists after the odors are removed.
DISCUSSION
It was expected that complex spike cells would have higher info content compared to
putative interneurons because higher info content means that the cells have higher specificity
(Skaggs et al., 1997). Overall, the complex spike cells had higher info content compared to the
putative interneurons. The results matched what was expected and suggest that complex spike cells
are capable of more specificity than interneurons due to their ability to remap in response to new
situations.
It was expected that there would be increased firing of dorsal cells during the novel
trajectory experience (first day of the left and right turns) because the dorsal hippocampus is
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important for spatial memory processes (Strange et al., 2014). There was a significant increase in
firing rate of dorsal cells on Day 1 from Session A to Session B (p < 0.05) suggesting that the
novel turns led to remapping in these new spatial contexts. For ventral cells, there was no
significant difference in firing rates across the three sessions. These results matched what was
expected and suggest that dorsal cells modify their pattern of firing in response to the first day of
spatial change while ventral cells do not.
It was expected that there would be increased firing of ventral cells during a novel
emotional experience (first day of the coyote urine and female bedding) because the ventral
hippocampus is involved in memory of fear and other emotional responses (Strange et al., 2014).
There was a significant increase in firing rate of dorsal cells on Day 1 from Session A to Session
B (p < 0.05) and from Session A to Session C (p <0.01). From these significant increases, it can
be determined that the dorsal cells remapped in response to the novel odor on the first day and that
the remapping persisted even when the novel odors were removed. However, the ventral cells had
similar firing rates across all three sessions of Day 1. On Day 2, there was a trend in the data (p =
0.06) suggesting that the firing rates of ventral cells across the three sessions were close to being
significantly different from each other. By looking at the heights of each session’s bar, it seems
like there was a slight decrease in firing rate during Session B and a larger decrease during Session
C. From the significant increases in firing rates on Day 1, it could be that dorsal hippocampus cells
may have a bigger role in fear or emotional memory responses than previously thought. In addition,
the absence of change in firing rate of ventral cells across sessions on Day 1 along with the
downwards trend across sessions on Day 2 could suggest a delayed remapping of ventral cells in
response to novel fear-inducing or emotional stimuli. More data is needed to see if the trend will
become significant.
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It was expected that there would be no significant difference in firing rate across sessions
on the second day of each manipulation because the change during Session B was no longer novel
after the first day. On Day 2 of the spatial manipulations, the dorsal cells had a similar firing rate
across all three sessions while the ventral cells showed a significant increase in firing rate when
comparing Session A to Session C (p < 0.05). On Day 2 of the odor manipulations, dorsal cells
had a similar firing rate across all three sessions while the ventral cells showed a trend (p = 0.06)
that indicated the firing rates of ventral cells across the three sessions were close to being
significantly different from each other. While the dorsal cells behaved as expected on the second
day of each set of manipulations, the ventral cells were not the same across sessions on Day 2.
This could suggest that ventral cells could have a delayed remapping response for both spatial and
odor manipulations. However, more data is needed to truly make that conclusion.

CONCLUSION
Overall, our data confirm that complex spike cells generally have higher info content than
interneurons in the hippocampus. In addition, our data suggests dorsal cells do have significant
remapping in response to novel spatial manipulations as expected. Some further conclusions that
could be drawn from our data is that dorsal hippocampus cells may have a bigger role in fear or
emotional memory responses than previously thought and that ventral cells could have a delayed
remapping response for both spatial and odor manipulations. Overall, there is more data needed to
confirm these ideas, but it is hoped that with further investigation, these data could provide insight
into information content of different hippocampal cells as well as regional differences of
hippocampal representations of novel environments and the persistence of their activity across
sessions and days.
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